In this paper, the particle suspension flows in pipes are classified into three major regimes of: flow with a stationary particle bed, flow with moving particle bed or dunes, and flow of fully dispersed particle-liquid mixture. It is shown that these regimes can be characterized by only two dimensionless parameters, which are the ratios of the characteristic flow velocity and particle shear velocity, and projection of the particle settling velocity on the direction of the flow. The dimensionless flow regime maps for both circular pipe flow and annulus flow are built using available experimental data and applicable to a wide range of flow parameters. In the considered experiments, the size of the solid particles varied from several micrometers to 1 cm, the particles fraction varied from less than 1% to approximately 40%, and the solid phase was formed by different particles, such as glass spheres (1.24 sg) and sand (2.5 to 3.0 sg). The inclination angle of the flow changed from 0 to 180°. A methodology using suggested mapping for pipe and annulus flow calculations is described in detail.
INTRODUCTION
Transport of particle suspensions in liquids can be encountered in a variety of industrial processes, including many operations in mining, civil, and oil and gas industries. The types of particle distribution in the flow, which are called the particle flow patterns, depend on the suspension flow parameters. Flow patterns are critically important for successful operations. For example, high particle volume fraction or significant particle deposition in the flow could cause severe pressure loss and block the flow conduit, often resulting in damaging the system and even accidents. Accurate predictions and monitoring of the flow patterns are extremely important during the design and operation in real life applications. [4] .
Figure2. Example of the flow pattern map plotted by superficial velocities
Another approach involves plotting the flow pattern map using the pressure gradient of the flow and the mixture velocity, as shown in Figure 3 [7] . At low flow velocity conditions, the particles tend to pack in the conduit and form a stationary or moving particle bed. The formation of the bed or dunes decreases the flow area and leads to high pressure loss. As the flow velocity increases, the pressure gradient decreases initially, and then increases after it reaches a minimum point, as shown in Figure 3 . Below the minimum point, the pressure gradient is dominated by particles; beyond the minimum point, the pressure gradient is dominated by friction loss of the flow. This flow pattern plotting approach has broader application than approach of the previous work [4] , but is still restricted by the experimental range because the two axes are dimensional.
Figure3. Schematic representation of flow patterns and pressure gradient [7] .
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Figure4
. Dimensionless flow regime map [6] Recently, Zhang (2015) introduced a dimensionless flow regime map, as shown in Figure 4 . The two parameters used are dimensionless pressure gradient and a modified Froude number (Fr). This flow pattern map is more general, because the map axes are dimensionless. It is also valid for inclined conduits because the modified Froude number includes the conduit inclination angle [6] .
This paper suggests two other dimensionless parameters based on analysis of the equations for particle motion in the fluid flow. Using these two dimensionless parameters, a generalized flow pattern mapping method is developed to analyze the two phase suspension flow patterns.
PARTICLE MOTION IN FLUID FLOW
The analysis of single particle movement in fluid flow is necessary for understanding of the major factors affecting suspension flow. For a single particle in a dilute suspension, there are three different phenomena influencing its motion represented by three different velocities: as shown in Figure 5 , the particle settling under the action of the gravity force, the particle mixing and resuspension due to the action of turbulence, and particle translation in axial direction of the pipe under the action of viscous drag.
Figure5. Single particle moving in suspension circular pipe flow
The settling velocity u set can be obtained from the balance between the particle weight, the Archemedes force, and the drag force in vertical direction caused by particle settling, which is represented by Eq. 1 [8] .
where p an f are the particle and fluid density, respectfully, d p is the particle diameter, and is the drag coefficient of the particle at velocity u set . Because the drag coefficient depends on the particle Reynolds number, which depends on the particle settling velocity, Eq. 1 is needs to be solved in respect to u set , for example, by iterations.
The particle resuspension is caused by the lift forces caused by the following effects: (1) unequal pressure distribution and the shear stress around individual particle surface, (2) the turbulent eddies, (3) and the particle-particle interactions [9] as shown in Figure 6 . Majority of the suspension flows in the industrial applications are turbulent.
Figure6. Re-suspension at the surface of the packed particles
The average mixture density ρ m is defined by Eq. 3, and the shear stress τ m can be obtained by using Eq. 4.
where C c is the local particle concentration, f m is the friction factor between mixture flow and packed particles, and u m is the mixture velocity. The correlations provided by Televantos [12] (1979) and Ozbayoglu [13] (2002) can be used to cover the effect of wall roughness and presence of particles in the flow. Televantos correlation can be represented by Eq. 5, which is developed for pipe flow condition.
where d p is the particle diameter, d hyd is the hydraulic diameter of the flow conduit, and Re is the Reynolds number of the flow. Ozbayoglu modified Televantos correlation for annulus flow by introducing a characteristic diameter, which can be represented by Eq. 6.
where C c is the suspended local particle concentration, and C pac is the packed particle concentration.
In the cases of no packed particles in the flow (the dispersed flow regime), the shear stress at the pipe wall can be used to calculate the shear velocity u*. Thus, the entrainment process can be characterized by the ratio 
The denominator in Eq. 7 equals to projection of the particle settling velocity on the normal to the flow direction, accounting for the pipe inclination. For example, one of the first criteria of particle
The parameter h is a characteristic ratio of the turbulent lift force and forces that oppose particle motion, such as gravitational and viscous forces acting on the particle.
By analogy, the impact of particle sedimentation on particle transport in pipes can be characterized by the ratio 
GENERALIZED DIMENSIONLESS FLOW REGIME MAP
As mentioned in the previous section, all the flow patterns are classified into three different flow regimes: flow with a stationary particle bed, flow with moving particle bed or dunes, and flow with completely dispersed particles. In this section, two flow regime maps are introduced by plotting the available experimental data using the two dimensionless parameters, and , discussed in the previous section.
In Figure 7 , the available experimental data for pipe flow from several different studies [8, [14] [15] [16] [17] are plotted against two dimensionless parameters, h and v . The data used to build these maps is taken from studies with significantly different experimental conditions. For example, the size of the particles varied from several micrometers to one centimeter, while the particle volume fraction varied from less than 1 to approximately 40%, and the particles were glass spheres (1.24 sg) and sand particles (2.5~3.0 sg). The inclination angle of the flow conduits changed from 0 to 180° (0~90° for upward flow, and 90~180° for downward flow). Figure 8 shows the flow regime map for annulus flow. Unfortunately, available data is for annulus flow is scarcer than that for the pipe flow because there have been far fewer studies with particle suspension flows in annuli. The data in this figure is from Zhang's (2015) study for annulus flow. The average size of the solid particles is 3 mm, particle volume concentration varies from 5 to approximately 40%, and the fluid used is water. Inclination angle of the flow conduits changes from 30 to 90°. The two dimensionless parameters characterizing solid phase transport and are used to plot a generalized flow regime map. This way, the flow regime map is valid for different particle sizes and materials, different conduits, and different fluids, which significantly reduces the number of experimental tests required to predict flow regime in practical applications.
The vertical axis represents the balance between the particle translational flow and sedimentation; the horizontal axis represents the balance between the particle sedimentation and entrainment by the turbulent eddies. Thus, these two dimensionless parameters are a combination of the major parameters that affect the two phase flow regime. While particle properties (size, shape, and density) are included in the settling velocity, u set , the fluid properties (density and viscosity) are included in the settling velocity and the friction velocity, u*. Particle concentration and conduit geometry are also accounted for by the friction velocity and by the term . For vertical flow ( ), equals to zero, so both and are infinite, which indicates the dispersed flow regime according to maps shown in Figures 7 and 8 . It is remarkable that all available experimental data on particle suspension flows can be plotted using just two dimensionless parameters, with clear boundaries between different flow regimes. This fact significantly simplifies the suspension flow simulations using advanced mechanistic models.
MECHANISTIC MODELS
The shear velocity in the dimensionless number cannot be directly measured, but can be obtained by the mechanistic modeling for given flow conditions. The mechanistic models account for phase mass balance and momentum balance.
Stationary Bed Flow
For stationary bed flow scenario, layer models [4, 18] can be used to calculate the shear velocity between slurry flow and packed particles. One of the most important assumptions in the layer models is that the thickness of each layer is constant and interfaces between different layers are smooth. The model is based on the mass and momentum conservation of each section (packed particles, particlefluid mixture, and fluid) in the flow regime. Figure 9 shows a schematic of the geometry for the most complex regime, which has three sections: pure fluid layer, mixture layer, and particle bed layer. The formulations of the mechanistic model are shown in the following.
Figure9. Layer model geometry
The mass conservation for the particle phase is (10) The mass conservation for fluid phase is 
Particle bed layer: τ τ ρ (14) where is the total cross-sectional area, is the pressure gradient, τ is the shear stress, S is the perimeter of each section, ρ is the density, and is the conduit inclination angle. The subscript u represents the upper pure fluid layer, m represents the mixture layer, sb represents the solid bed layer, u_m is the interface between upper layer and mixture layer, and m_sb represents the interface between the mixture layer and solid bed layer.
For stationary bed flow regime, the velocity of the particle bed layer is zero, so it can be eliminated from the calculation. If the pure liquid layer does not exist, the model can be simplified to two-layer (a slurry layer and a solid bed layer). Detailed discussions and applications of this model can be found in previous studies [4, 13] . In this particular model, the shear stress between the mixture layer and the particle bed layer τ should be used to calculate the shear velocity in the dimensionless number .
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Transitional Flow
For the transitional flow regime scenario, the choice of mechanistic models depends on the smoothness of the particle bed. For horizontal or near horizontal flow ( ), the surfaces of the packed particle beds or dunes are smooth, and can be modeled by using the layer models discussed in the previous section. The difference with the stationary bed is that the particle bed is moving. For intermediate inclined or near vertical flow ( ), the packed particles tend to form discontinuous dunes instead of particles bed. The constant thickness assumption in the layer models is no longer valid in this case. A segment model proposed by Zhang et al [19] can be used in the flow simulation for the dune scenario. A description of the model is shown in Figure 10 .
Figure10.
Sketch of the segment model [6] This model includes three segments: an upper section, a dispersed section, and particle dune (block) section. In the upper section, particles are fully dispersed and the flow is comprised by the particles and fluid slurry. The dispersed section is a unique region for inclined flow scenario, which has particles sliding in the counter flow direction. The particle block section is comprised by packed particles, and has a shape of dunes. This segment model is based on the conservations of mass for each phase, conservations of momentum for each section, and some the closure relationships. A detailed description of the model can be found in the original paper [6] , which would not be repeated here.
Dispersed Flow
For the dispersed flow regime, the wall shear stress can be used to obtain the shear velocity in the dimensionless number because there are no packed particles in this flow regime. The models and correlations for slurry flow calculation [8, 20, 21] can be used to obtain the pressure gradient of the flow, which can be used to calculate the average shear stress at the wall depending on the flow conditions. Then, the shear velocity can be obtained using Eq. 15. 
where p  / l  is the pressure gradient, S is the perimeter of the flow conduit, and ρ m is the mixture density of the flow.
FLOW REGIME PREDICTION PROCESS
Because both the flow regime and the pressure loss are initially unknown, an iteration process can be used for predicting the flow regime. By combining mechanistic models and the flow regime map, the flow regime, pressure gradient, and particles concentration can be found for any given flow parameters. The procedure for the flow regime prediction is the following:
1) Run all three mechanistic models with the given input parameters.
2) Find the flow regime for each model by comparing the outputs from that model with the flow regime map.
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3) Compare the obtained flow regimes with the original flow regime for each mechanistic model. In the case the predicted flow regime is the same as the original flow regime, then the workflow is converged and the corresponding flow regime is the result of simulation. 4) If there is more than one converged flow regime, apply physical boundaries for particle transport to remove the multiple converged values to one converged value.
Flow Regime and Pressure Prediction Examples
The example in Figure 11 shows the flow regime prediction using the proposed workflow in a 2-in. pipe. It is assumed that the fluid phase is water and the particle phase is sand. Sand density is 2650 kg/m 3 , and sand particle diameter is 1 mm. Flow rate changes from 25 to 70 gpm and the inclination angle of the pipe changes from 10 to 100° (0° means upward vertical, 90° means horizontal, and 180° means downward vertical). In this figure, blue color represents the stationary bed flow regime, green color represents the transitional flow regime, and yellow color represents the dispersed flow regime. This figure shows that particles tend to pack at near horizontal and low flow rate conditions, and tend to disperse at near vertical and high flow rate conditions. When inclination angle is less than 40 o , no particle packing appears for all the simulated flow velocities. For horizontal flow (inclination angle is 90 o ), the particle bed disappears at approximately 2 m/s. Figure 12 compares the predicted pressure gradients and Matousek's [22] data. The test is conducted in a 6-in. horizontal pipe and the average particle size is 0.25 mm. The fluid used in the test is water. As shown in the figure, the frictional pressure loss for single phase flow increases as flow velocity increases. For flow with particles, the pressure loss decreases as flow velocity increases from 1 to 2 m/s. Beyond 2 m/s, the pressure loss increases as flow velocity increases. Below 2 m/s, the flow pattern is the stationary bed regime; beyond 3 m/s, the flow pattern is the dispersed flow regime. The minimum pressure loss occurs during the transitional flow regime, which is between 2 and 3 m/s for this case. Figure 12 shows the pressure drop of the flow as function of the flow rate at one inclination position. In Figure 13 , the predicted pressure drop is plotted against the inclination angle, and compared with the experimental results with Vlasak's (2006) for a fixed flow rate.
Figure11. Flow regime prediction examples

Figure12. Pressure loss validations for horizontal flow
Figure13. Pressure loss validation at different inclined positions
The experimental tests in Figure 13 were conducted in a 4-in pipe using water as the carrier fluid. Particles were 10 mm sand, which is relative large. Figure 13 is the total pressure loss of the flow subtracted by the static pressure gradient of the pure fluid, which can be represented by Eq. 16.
Thus, the pressure drop shown in Figure 13 includes two parts: (1) the frictional loss of the flow, and (2) the change of the average density of the flow caused by the existence of the particles. The average particle concentration in the flow is approximately 8%, which leads to approximately a 13% increase in flow density. For the upward flow, the total pressure drop is the sum of the absolute value of the frictional pressure drop and pressure drop caused by density change; for the horizontal flow, the total pressure drop is due to the frictional loss, while for the upward flow, the pressure drop is the frictional pressure drop minus the gravitational pressure. These two comparisons illustrate the relationship between the flow pattern and flow pressure drop.
CONCLUSIONS
Using analysis of factors affecting particle motion in suspension, it is shown that these regimes can be characterized by only two dimensionless parameters: the ratio between the flow velocity and particle settling velocity, and the ratio between shear velocity and particle settling velocity. The impact of sedimentation on particle transport is characterized by , which is the ratio between mean flow velocity and particle settling velocity. The particle entrainment process is characterized by , which is the ratio between shear velocity at the surface of packed particle and the settling velocity. The two dimensionless parameters used to plot the flow regime map represent the three physical factors that control the particle-fluid flow regime: particle settling, particle re-suspension, and particle transport.
The suggested flow regime map can be used for various particle sizes and materials, conduits, and fluids. Major particle properties (size, shape, and density) are included in the settling velocity, u set , and the fluid properties are (density and viscosity) included in the settling velocity and the friction velocity, u*. The particle concentration and conduit geometry can also affect the friction velocity. The The friction velocity u* used to plot the flow pattern map can be obtained through mechanistic model. Importantly, the results from flow pattern map enhance the mechanistic model predictions by choosing the right model. The flow regimes, other results, such as particle concentration, particle bed height, and pressure gradient can also be obtained from the workflow.
